Plasmids comprising transgene insertions in four lines of transgenic mice have been retrieved by plasmid rescue into a set of Escherichia coli strains with mutations in different members of the methylation-dependent restriction system (MDRS). Statistical analysis of plasmid rescue frequencies has revealed that the MDRS loci detect differential modifications of the transgene insertions among mouse lines that show distinctive patterns of transgene expression. Plasmids in mice that express hybrid insulin transgenes during development can be readily cloned into E. coli strains carrying mutations in two of the MDRS loci, merA and mcrB. In mice in which transgene expression is inappropriately delayed into adulthood, plasmids can only be cloned into E. coli that carry mutations in all known MDRS activities. Differential cloning frequencies in the presence or absence of the various methylation-dependent restriction genes represent a further way to distinguish regions of mammalian chromosomes. These multiply deficient E. coli strains will also facilitate the molecular cloning of modified chromosomal DNA.
In some situations it has proved desirable to retrieve DNA following its transfer into cells and organisms, either as a means to isolate that DNA after functional selection or to access the chromosomal DNA adjacent to the site into which it integrated. One retrieval strategy is plasmid rescue, whereby cyclized fragments of a cellular genome that includes integrated bacterial plasmid DNA are used to transform Escherichia coli. Although plasmid rescue has been readily applied in yeast and flies (1) (2) (3) (4) (5) , the frequencies of rescuing plasmids from mammalian cells have been dramatically below expectations (6) (7) (8) . Since those rare plasmids that have been rescued into E. coli will subsequently retransform E. coli with normal frequencies, one can surmise that cis-acting DNA modifications interfere with plasmid rescue, and these can be removed by replication in E. coli. One prevalent modification of mammalian DNA that is absent from yeast and fly DNA and thus potentially involved in this restriction is cytosine methylation (reviewed in ref. 9 ). Recently, a series of genetic loci in E. coli have been identified by their ability to genetically restrict methylated DNAs (10-13). These loci are collectively labeled as methylationdependent restriction systems (MDRS) (14) . The MDRS loci currently include three that restrict cytosine methylated DNA, mcrA, mcrB, and mcrC (for modified cytosine restriction) (10, 12, 15) , and one that restricts DNA methylated at adenosines, called mrr (11) . In light of the existence of these MDRSs we sought to reexamine the prospects for plasmid rescue from mammalian cells in the context of E. coli strains carrying various combinations of mutations in the MDRS.
We report here that mutations in the MDRS dramatically improve the efficiency of plasmid rescue from four transgenic mouse lineages that each carry a hybrid gene composed of insulin gene regulatory sequences controlling expression of simian virus 40 (SV40) large tumor (T) antigen (16-18). Mice in the RIP1-Tag2 and RIR-Tag2 lines first express the large T oncoprotein at embryonic day 10 (19) and continue expression in all of the insulin-producing pancreatic 3 cells subsequently, which results in tumor formation between 12 and 24 weeks. In contrast, mice in the RIP1-Tag3 and RIP1-Tag4 lines show a marked delay in onset of transgene expression, which begins in the , cells at 10-12 weeks of age (20, 21) and induces tumors between 30 and 60 weeks.
MATERIALS AND METHODS
Construction ofE. coli Strains. DH5 was derived from DH1 through the introduction of the deoR mutation, as will be described elsewhere (D.H., unpublished results). DHF5a was constructed by sequential introduction of the A(lacZYAargF)U169 deletion from strain SH210 (22) and the alpha complementation allele, 080dlacZAM15, from strain TB1 (23-25). MC1061 was modified by the introduction of the following mutations: recAl (from strain DH1), endAl (from strain MM294), and the alpha complementation allele (from strain TB1) to produce strain DH10. The absence of the endA endonuclease was confirmed by the procedure ofWright (26), and recA was scored by growth in 8 ,g of nitrofurantoin per ml (27). DH10 also contains the deoR mutation (D.H., unpublished results).
The MDRS mutations were introduced into DH5a as follows. mcrA (28) and mcrB (10) were transferred from strain MC1061 via linkage to TnJO transposons (MC1061 and TnJO strains were obtained from the E. coli Genetic Stock Center, Yale University, New Haven, CT). The mcrA and mcrB mutations were scored by transformation with plasmid pACYC184 methylated in vitro with Hpa II methylase or Hha I methylase, respectively (10 Table 1 ). The primary series of mutations were introduced into the E. coli strain DH5a. One strain had mutations in mcrA and mcrB (DH5am4); another carried a deletion extending from mcrB through the linked loci mcrC and mrr and, in addition, had an unlinked mutation in mcrA (DH5aMCR). Additional strains singly mutant in mcrA and mcrB were also generated (DH5am2 and DH5am3, respectively). A second strain background was also used, that of MC1061 (34), which is naturally deficient in mcrA and mcrB (35). The recA and endA mutations were introduced into MC1061 to produce a strain comparable to DH5a, which is called DH10, and the deletion from mcrB through mcrC to mrr was introduced into DH10 to produce a strain, DH1OB, which is comparable to DH5aMCR. Transgenic mouse DNAs were digested with EcoRI and analyzed by plasmid rescue as outlined in Fig. 1 .
Quantitative Effects of MDRS Mutations on Plasmid Rescue. Consistent with previous plasmid rescue experiments from mammalian cells, the DH5a strain, which is wild type for all MDRS loci, did not rescue significant numbers of colonies from any of the four transgenic mouse DNAs. In contrast, several of the MDRS mutants were capable of rescuing substantial numbers of clones, although there were significant quantitative differences between different mutant strains with the transgenic mouse DNAs (Fig. 2) . A striking pattern was evident, in that plasmids from the developmental onset lineages (RIP1-Tag2, RIR-Tag2) rescued into most MDRS mutant strains (those containing mcrA and mcrB mutations), in contrast to the delayed-onset lineages (RIP1-Tag3, RIP1-Tag4), which could only be rescued into the multiply deficient strains (containing mcrA, mcrB, mcrC, and mrr mutations) (Fig. 2) . Therefore, we conclude that a gene (or genes) localized within the deletion between mcrB and mrr in the strains DH5aMCR and DH1OB must be inactivated for efficient rescue from the two delayed-onset RIP1-Tag lineages.
The requirement for MDRS mutations to achieve efficient plasmid rescue implies that the transgenic mouse DNAs are methylated. Two Genetics: Grant et al. (Fig.  3 ). This map is based upon the following data. Two of the rescued plasmids (pRIP1-Tag2.C1 and pRIP1-Tag2.C2) comigrated with single-copy bands on genomic Southern blots (Fig. 3A) . Restriction mapping indicated that each of these plasmids contained nontransgene DNA, of about 1 kb and 1.5 kb, respectively (Fig. 4) . Southern blots using probes isolated from these nontransgene sequences showed that each is derived from the same chromosomal locus of the mouse genome, yet the sequences do not hybridize with each other (Fig. 3 B and C) . Restriction fragment length polymorphism analyses confirmed that the pRIP1-Tag2.C1 and pRIP1-Tag2.C2 contain junctions between the RIP1-Tag2 transgene and mouse DNA (Fig. 3 B and C) . Analysis of nontransgenic mouse DNA showed that the cellular DNAs in the pRIP1-Tag2.C1 and pRIP1-Tag2.C2 flanking clones are separated by about 1.5 kb, which was deleted during transgene integration, and that the flanking DNA has not otherwise undergone any detectable rearrangement (not shown).
A similar analysis was performed on plasmids rescued from the other three transgenic insertions. In addition to the expected large number of internal-repeat clones, a number of rescued plasmids were repeatedly rescued, and each has provided information about the structure of their integrations (Fig. 4) . These plasmids include (i) a left flanking clone (pRIR-Tag2.C2) from the insertion in the RIR-Tag2 line, which included a highly repetitive sequence; (ii) a junction clone (pRIR-Tag2.C1) between two adjacent integrated plasmids in this integration, one the expected RIR-Tag plasmid and the other an unexpected pBR322 molecule that was found to have contaminated the original microinjection solution; (iii) an internal-repeat clone (pRIP1-Tag3.C1) containing a deletion of sequences within the transgene of the RIP1-Tag3 insertion; (iv) head-to-head junctions between two plasmids in the RIP1-Tag3 transgenic array (pRIP1-Tag3.C2 and pRIP1-Tag3.C3); and (v) ajunction plasmid (pRIP1-Tag4.C2) between a transgene and E. coli DNA that presumably contaminated the original microinjection solution and became incorporated into the RIP1-Tag4 insertion. All of these rescued plasmids were shown by DNA blotting analysis to be present in the respective integration locus and thus have served to more fully characterize those structures. DISCUSSION E. coli strains with mutations in the methylation-dependent restriction loci dramatically improve the efficiency of cloning plasmids integrated into the genomes of transgenic mice by means of plasmid rescue. The rescued plasmids have provided structural information about the transgenic integration sites, and statistical evaluation of plasmid rescue frequencies has revealed an interesting characteristic-namely, that the methylcytosine-dependent restriction genes detect distinct modifications of the four different chromosomal regions into which the transgenes integrated.
Cloning and Structural Analysis of Chromosomal Integration Sites. Cellular DNA representing junctions between transgene arrays and flanking chromosomal DNA have been isolated from the RIP1-Tag2 and RIR-Tag2 insertions. These cloned murine DNAs constitute markers of the particular chromosomal locations into which transgene integration occurred and can now be used for studies on the normal chromosome and the transgenic variant, as the initial analysis has demonstrated. Though the work reported here resulted in the isolation of chromosomal flanking DNAs from only two of the four lines, this is likely the result of our use of a single restriction enzyme (EcoRI) to release the integrated plasmids from chromosomal DNA. It should now be possible to use other restriction enzymes, as well as partial digestion with EcoRI, to obtain the flanks from the other two lines, given the large numbers of plasmids that can be easily retrieved using the multiply deficient MDRS strains. In previous studies, several transgenic loci have been mapped, and flanking DNAs have been isolated (36-40). In these cases, the isolation of the internal repeats and flanking clones from bacteriophage A libraries proved laborious. Plasmid rescue into MDRS mutants has the potential to significantly improve the retrieval of DNAs flanking insertional mutations by transgenes introduced by embryo microinjection, retroviral infection, or by way of embryonic stem cells, provided that plasmid sequences are included with the transferred genes. Moreover, knowledge of the modifications inferred from the MDRS mutants will prove relevant to the isolation of mammalian genes from traditional bacteriophage and plasmid/cosmid libraries. Furthermore 
